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Abstract
Clinically aggressive prostate cancer (PCa) is linked to androgen resistance, metastasis, and
expression of neuroendocrine markers. To understand mechanism(s) of neuroendocrine
differentiation (NED) of PCa epithelia, we compared neuronal differentiation occurring during
embryogenesis, in primary cultures of neural crest (NC) cells, and NED in PCa cell lines (LNCaP
and PC3). We demonstrate, hypoxia promotes neuronal and neuroendocrine differentiation of NC
cells and PCa cells, respectively, by inducing the miR-106b~25 cluster. In turn, miR-106b~25
comprised of miR-106b, miR-93 and miR-25, down-regulates the transcriptional repressor REST,
which represses neuron-specific protein-coding and miRNA genes. In prostate tumors of high
Gleason score (≥ 8), an inverse trend was observed between REST and miR-106b~25 induction.
Employing miRNA PCR arrays, we identified miRNAs up-regulated by hypoxia in LNCaP cells
and REST-knockdown in NC cells. Significantly, a subset of miRNAs (miR-9, miR-25, miR-30d
and miR302b) is up-regulated in high Gleason score (≥ 8) PCa, suggesting a mechanism by which
NED contributes to PCa malignancy. We propose that loss of REST and induction of this set of
microRNAs can serve as potential novel clinical markers of advanced PCa.

Cancer cells, similar to embryonic stem cells, undergo cellular reprogramming generating
altered cellular phenotypes. Examples include epithelial cancer cells of the lung, breast and
prostate, transdifferentiating to neuroendocrine (NE)-like phenotypes (1-3). The advantage
of this neuroendocrine differentiation (NED) for the cancer cell is not fully understood,
although secreted neuropeptides can serve as paracrine, proliferative signals (4). In prostate
cancer (PCa), NED is associated with clinically aggressive tumors. Advanced prostate
tumors (Gleason scores 8 to 10 and some Gleason 7=4+3) are metastatic, androgen-resistant
and express high levels of chromograninA (ChgA) and neuron-specific enolase (NSE) (4-6).
ChgA and NSE are markers of neuroendocrine cells and also serve as markers of metastatic
PCa, associated with hormone-refractory cancer growth, resistance to radiation therapy, and
poor prognosis (1-6). In vitro and in vivo evidence supports that the origin of NE-like cells
in prostate tumors is fromtransdifferentiation of cancerous luminal secretory cells (7, 8).
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However, mechanism(s) underlying the cellular reprogramming of luminal epithelial PCa
cells to NE-like are not well understood.

It is well established that mechanisms regulating embryonic development provide a context
for understanding disease/cancer pathogenesis. According to this principle, in this study, we
are investigating and comparing mechanisms of neuronal differentiation in embryogenesis
with NED of PCa epithelia. The cellular model of primary cultures of neural crest (NC) cells
has been extensively used to understand mechanisms of neuronal differentiation. The NC, a
transient, embryonic cell population located between surface ectoderm and neural tube is
comprised of pluripotent stem-like cells that migrate along defined routes in the embryo
giving rise to various cell types. NC cells from the trunk region of the embryo differentiate
to sympathoadrenal and sensory neurons, and non-neuronal melanocytes and glia (9). Micro-
environmental factors inducing neuronal differentiation of NC cells include bone
morphogenetic proteins (BMPs) (10) and hypoxia (11). BMPs activate expression of pro-
neural transcription factor achaete-scute complex homolog 1 (ASH-1) (12) and the
downstream paired-like homeobox 2a (Phox2a) (13), essential for sympathoadrenal neuron
differentiation (14). However, the mechanism mediating hypoxia-induced neuronal
differentiation is unknown.

Various aspects of the mechanism of neuronal differentiation of embryonic NC cells are
relevant to NED of PCa. First, expression of neuronal genes occurs both during neuronal
differentiation of NC cells (12-14) and NED of PCa cells (1). Second, the embryonic NC is
an invaluable model for understanding mechanisms of epithelial-mesenchymal-transition
(EMT) and migratory potential. In neurulation, the migratory and cell specification potential
of NC cells is orchestrated by a gene regulatory network that includes transcriptional
regulators Snail and Twist1 (15). Importantly, the migratory potential of PC3 cells, a human
PCa cell line, is linked to these genes (16, 17). Third, hypoxia is a physiologic inducer in
embryonic development (18). Primary NC cultures exposed to hypoxia (2% O2) nearly all
differentiate to neurons (11). Importantly, hypoxia characterizes poorly vascularized regions
of solid tumors and is associated with high Gleason score prostate adenocarcinoma (19).
Accordingly, we hypothesize that a common mechanism mediates neuronal differentiation
of NC cells and NED of PCa cells.

Hypoxia, a well-recognized micro-environmental factor in embryonic development, closely
correlates with PCa disease stage and NED (20). Cellular adaptation to hypoxia involves
stabilization of hypoxia-inducible transcription factors (HIFs), HIF-1α and HIF-2α (21).
HIFs are considered as prognostic indicators for cancer relapse, metastasis and resistance to
treatment (21), and were detected in high Gleason prostate tumors (16, 22). However, the
mechanism by which hypoxia induces NED of PCa epithelia cells or SA neuronal
differentiation of NC stem cells (11) is not yet understood.

Hypoxia via the action of HIFs induces expression of protein coding genes and also of
microRNAs (miRNA) (23). miRNAs repress gene expression post-transcriptionally by
interfering with target mRNA stability and/or translation (24). Each miRNA down-regulates
a cascade of genes and thus miRNAs regulate over 60% of mammalian genes, many of
which play critical roles in tumorigenesis and embryonic development (25). Hypoxia-
inducible miR-93 (23) belongs to the miRNA cluster miR-106b~25, encoding miR-106b,
miR-93 and miR-25. Interestingly, miR-106b~25 is proto-oncogenic in PCa; all three
members of this miRNA cluster are upregulated in PCa, targeting down-regulation of tumor
suppressor PTEN (26). Furthermore, miR-106b~25 modulates EMT during cellular
reprogramming (27) and promotes neuronal differentiation of neural stem/progenitor cells in
adults (28). These findings imply potential roles of miR-106b~25 in NED of PCa cells and
neuronal differentiation of NC cells.
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A putative target of miR-106b~25 predicted by comparative sequence analysis (29) is the
RE-1 silencing transcription factor (REST). In neurulation, REST silences in non-neuronal
cells expression of neuron-specific protein coding genes and miRNAs (30, 31). REST is
widely expressed in non-neural tissues and neural precursors, regulating chromatin
transitions from pluripotent neural progenitors to differentiated neurons (31). Also, REST
has been identified by a genetic screen as a tumor suppressor deleted in epithelial tumors
and antagonizing the PI3K/Akt pathway (32). Importantly, the PI3K/Akt pathway is
essential in NED of PCa (33). In prostate tumors, PTEN, the negative regulator of the PI3K
pathway, is down-regulated by miR106~25 (26). Hypoxia induces expression of miR-93
encoded by miR-106b~25 (23) suggesting that hypoxia down-regulates both PTEN and
REST in PCa epithelia, thereby inducing expression of neuronal genes and miRNAs
allowing neuroendocrine reprogramming.

Herein, employing primary cultures of NC cells and human PCa cell lines (LNCaP and
PC3), we demonstrate the role of hypoxia and the significance of REST down-regulation in
neuronal/neuroendocrine differentiation. Importantly, down-regulation of REST occurs in
human prostate tumors with increasing Gleason score. Since REST represses expression of
neuron-specific protein and miRNA genes, employing miRNA PCR arrays we have
identified miRNAs induced in NC cells after REST-knockdown and in LNCaP cells by
hypoxia. Interestingly, some of these miRNAs are upregulated in prostate tumors with high
Gleason score (≥ 8). We propose, these clinically relevant miRNAs are mechanistically
linked to advanced PCa pathogenesis and may serve as prognostic indicators of aggressive
PCa.

Materials and Methods
Cell Culture

Primary cultures of trunk neural crest (NC) cells were prepared from Japanese quail
(Coturnix coturnix) embryos as described (34). LNCaP cells were purchased from ATCC
and cultured in RPMI 1640 (Invitrogen) containing 2.0g/L NaHCO3 and 10% fetal bovine
serum (Atlanta Biologicals). PC-3 cells were from ATCC and cultured in F-12K Nutrient
Mixture (Invitrogen) with 10% fetal bovine serum.

Hypoxia Treatment
A hypoxia chamber (Billups-Rothenberg, Inc.) was used for hypoxia treatment of cells.
Mixed gas containing 5% O2, 5% CO2 and 90% N2 was delivered into the chamber at 15
liters per minute for 90 seconds, once a day during culture period.

RNA Interference
siRNA duplexes were designed and synthesized with Stealth RNAi siRNA Technology
(Invitrogen). Stealth RNAi siRNA Negative Control (Invitrogen) was used as a transfection
control. Three different siRNA duplexes targeting the same gene were mixed as a siRNA
pool. The siRNA pool (200 pmol) was transfected with 10μl Lipofectamine 2000 Reagent
(Invitrogen) per 60mm dish. OPTI-MEM I Reduced Serum Medium (Invitrogen) without
antibiotics was used to dilute siRNA and Lipofectamine 2000 Reagent. Final concentration
of siRNA pool was 40 nM in a 60 mm dish. Primary NC cultures were transfected 24h
before replating. See supplementary Table S1 for siRNA sequences.

Real-time PCR
Total RNA was isolated by the TRIZOL (Invitrogen) method. cDNA was synthesized from
total RNA with iScript cDNA Synthesis Kit (Bio-Rad) for protein coding genes and RT2

miRNA First Strand Kit (SABiosciences) for miRNAs. PCR Arrays were carried out using
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RT2 miRNA PCR Array System (SABiosciences). Real-time PCR was performed on
ABI7300 real-time PCR system (Applied Biosystems). See Supplementary Table S2 for
primer sequences.

Immunoblotting and Immunofluorescence Microscopy performed as described (34).

Results
In NC cells, hypoxia induces expression of miR-106b~25 and neuronal genes while
repressing expression of REST

Earlier studies with murine NC stem cells have shown that hypoxia greatly enhances
differentiation of the neuronal sympathoadrenal lineage by an unknown mechanism (11).
We employed primary cultures of avian NC cells grown in hypoxia for 24hrs, from day 0 to
day 1 after replating (34), followed by incubation in normoxia. Under these conditions, we
observed enhanced number of cells immunostaining for tyrosine hydroxylase (TH), a marker
of sympathoadrenal neurons, and significantly reduced number of pigmented melanocytes
(Fig. 1A). The enhanced number of TH-positive cells and the reduced number of
melanocytes in the same culture, due to hypoxia treatment, supports our previous results of a
dynamic balance between the neuronal vs. melanocyte lineages (34).

Since hypoxia induces miR-93 (11) whose putative target is the neuron-specific
transcriptional repressor REST (29), we investigated in NC cultures the effect of miR-93
over-expression as well as the effect of REST knockdown by siRNA transfection on
neuronal differentiation. Enhanced numbers of TH-positive cells and reduced numbers of
melanocytes were observed both with miR-93 over-expression and REST knockdown (Fig.
1A). Importantly, hypoxia treatment of NC cell cultures enhanced expression of all members
of the miR-106b~25 cluster (miR-106b, miR-93 and miR-25) by nearly 2-fold (Fig. 1B). By
contrast, in hypoxia the mRNA level of REST was reduced by nearly 50% compared to its
level in cells grown in normoxia. Under these conditions mRNA levels of pro-neural
transcription factor ASH-1 increased by 3-fold (Fig. 1B). Similarly, over-expression of
miR-93 or REST knockdown significantly decreased REST expression levels, while ASH-1
mRNA exhibited a 2-fold and 4-fold increase, respectively.

Immunoblots confirmed at the protein level the down-regulation of REST by hypoxia,
miR-93 over-expression, and REST knockdown by transfection of REST siRNA.
Conversely, under conditions of REST down-regulation, protein levels of neuronal markers
Phox2a and TH were increased (Fig. 1C). Thus, exposure of NC cultures to hypoxia induced
expression of miR-106b~25, down-regulation of REST, increased expression of pro-neural
transcription factors ASH-1 and Phox2a, and neuronal differentiation.

In human PCa cell lines, hypoxia induces expression of miR-106b~25 and neuronal
markers while repressing expression of REST

In PCa, tumor hypoxia and expression of neuronal markers are associated with advanced
clinical stage, therapy resistance and poor prognosis (1, 35). To understand the effect of
hypoxia on NED and tumor progression, we employed the human PCa LNCaP cell line, a
well-established cellular model of NED, and the metastatic PC3 cell line. LNCaP cells
exposed to hypoxia were analyzed for expression of the proto-oncogenic miR-106b~25
cluster, the neuron-specific transcriptional repressor REST, and neuronal NSE (Fig. 2A). All
three members of miR-106b~25 were induced by hypoxia, the induction ranging from 1.8 to
2.7-fold. By contrast, in hypoxia, REST mRNA level was reduced by 40% compared to
normoxia. A significant 12-fold increase was observed in the expression of NSE mRNA.
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The protein level of HIF1α was increased while REST protein level began to decrease 3hrs
after exposure to hypoxia (Fig. 2B).

Furthermore, in conditions of hypoxia relative to normoxia both LNCaP and PC3 cells
exhibited increased mRNA levels of proneural ASH-1, while expression of REST was
reduced (Fig. 2C and D). Similarly, REST mRNA levels were reduced by over-expression
of miR-93 or miR-106b~25, and knockdown of REST by siRNA transfection (Fig. 2C and
D). Conversely, pro-neural ASH-1 levels increased. Under these conditions, immunoblots
confirmed the reduction of REST at the protein level. Since the miR-106b~25 cluster is
encoded in intron-13 of the MCM7 gene (26), we also examined by immunoblots, protein
levels of MCM7 in cells treated by hypoxia. Increased MCM7 protein levels are detected in
both LNCaP and PC3 cells following 3-day hypoxia treatment (Fig. 2E).

The induction in LNCaP and PC3 cells of proneural ASH-1 by hypoxia or overexpression of
miR-106b~25 (Fig. 2C and D) suggests these PCa cell lines assume a neuronal phenotype.
Accordingly, we investigated neurite formation in LNCaP and PC3 cells as a function of
hypoxia (Fig. 3A). As positive control, we treated these cells with the cAMP inducing agent
forskolin, a known inducer of neuronal differentiation of LNCaP cells (4), but not PC3 cells
(Fig. 3A). Similarly, hypoxia induced formation of short neurites in LNCaP cells but not
PC3 cells (Fig. 3A). Neurite formation by hypoxia in LNCaP cells was further confirmed by
peripherin immunostaining (Fig. 3B). Likewise, mir-93 overexpression or REST knockdown
by siRNA transfection induced neurite formation in LNCaP cells (Fig. 3C). Interestingly, in
both LNCaP and PC3 cells hypoxia, miR-106b~25 overexpression, or REST knockdown
induced expression of proneural genes Phox2a, ASH-1, and ChgA (Fig. 3D).

Despite the absence of neurite formation in PC3 cells exposed to hypoxia, in both LNCaP
and PC3 cells hypoxia or expression of miR-106b~25 down-regulates REST, promoting
expression of pro-neural transcription factors ASH-1 and Phox2a, and neuronal marker
ChgA.

Deregulated expression of REST and miR-106b~25 in human prostate tumors
To determine the clinical relevance of the observations derived from cell-based assays of
NC cultures (Fig. 1) and human PCa LNCaP and PC3 cell lines (Figs. 2 and 3), we
quantified in paired human prostate tissue (tumor vs. benign) expression of markers
associated with neuronal differentiation, hypoxia, and expression of miR-106b~25 (Fig. 4).
Markers indicative of neuronal differentiation include REST and NR2F2, the latter being the
earliest neuronal marker during development (36). Hypoxia was monitored by expression of
phosphoglycerate kinase1 (PGK1, 21); expression of miR-106b~25 was monitored by
mRNA levels of MCM7, the host gene that encodes miR-106b~25 in intron-13 (26), and by
expression of the individual members of the miR-106b~25 cluster.

We analyzed nine prostate tumors having Gleason score ≥ 8 (Fig. 4 and Supplementary Fig.
1). Five of the analyzed tumors (indicated as patient # 1- 5) exhibited reduced expression of
REST and up-regulation of at least one of the members of the miR-106b~25 cluster (Fig.
4A). Although the small sample size precludes statistical analyses to link REST
downregulation and miR-106b~25 induction, dot plot representation of these data shows an
inverse trend between REST and miR-106b~25 expression levels (Fig. 4B).

MiRNAs expressed in high Gleason prostate tumors overlap miRNAs induced by hypoxia
in PCa cell lines and REST-knockdown in NC cultures

The transcriptional repressor REST suppresses expression of a broad network of genes
involved in neuronal differentiation, including protein coding and miRNA genes (29-30).
Furthermore, miRNAs have powerful regulatory potential in gene expression; changes in
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miRNA expression profiles closely associate with embryonic development as well as
initiation and progression of cancers (37-39).

To gain more understanding about the down-regulation of REST in advanced prostate
tumors (Fig. 4), we determined the miRNAs up-regulated in prostate tumors with increasing
Gleason score. We reasoned that since REST suppresses expression of a broad network of
genes involved in neuronal differentiation including miRNA genes (29, 30), REST down-
regulation during PCa disease progression will result in expression of REST suppressed
miRNAs as during REST-knockdown in NC cells. Likewise, miRNAs induced by hypoxia
during PCa progression would overlap miRNAs induced in hypoxia-treated LNCaP cells.
Employing miFinder RT2 PCR arrays, we identified miRNAs overexpressed in human
prostate tumors with increasing Gleason score (Table I), as well as miRNAs induced by
hypoxia in LNCaP cells (Supplementary Table S3), and REST-knockdown in NC cells
(Supplementary Table S4). The human miFinder RT2 PCR array (Qiagen) is composed of
the most abundant and best characterized miRNAs. RNAs analyzed by this PCR array were
isolated from prostate tumors with Gleason scores ranging from 3 to 10. Specifically, RNA
from at least five tumors per group, Gleason scores 5 through 10, were pooled for the
miRNA PCR array analysis. Pooled RNA from the corresponding benign prostate tissues
served as noncancerous control. We also analyzed miRNA expression in RNA samples
isolated from LNCaP cells grown in normoxia vs. hypoxia for three days (supplementary
Table S3), and from NC cultures following REST-knockdown by REST siRNA transfection
vs. transfection of scrambled siRNA (Supplementary Table S4). Each group of RNAs was
analyzed by the miRNA PCR array, employing three independent RNA preparations.

MiRNAs induced in prostate tumors are presented in Table I as groups A-C. Group-A
miRNAs elevated in high Gleason prostate tumors, overlap with miRNAs induced by
hypoxia in LNCaP cells, including miR-210 a well-documented hypoxia inducible miRNA
(23) and miR-25 described herein (Figs.1-2). Group-B miRNAs elevated in high Gleason
prostate tumors overlap with miRNAs induced during neuronal differentiation of NC cells
by REST-knockdown (Supplementary Table S4). MicroRNAs elevated by REST-
knockdown in NC cells include miR-124 and miR-9, both well-documented regulators of
neurogenesis (44, 45). By contrast in high Gleason prostate tumors only miR-9 is over-
expressed, known to down-regulate expression of E-cadherin (39) and androgen receptor
(40). Other miRNAs overlapping with those induced by REST knockdown in NC cells
include miR-30d and miR-302b (Fig. 5A). Induction of group-C miRNAs is independent of
hypoxia or REST-knockdown. Statistical analysis of the data using ANOVA (Analysis of
Variance) with a multiple comparison adjustment shows that microRNA expression in
tumors with Gleason score 8-10 is significantly larger than observed in tumors of lower
Gleason scores (Fig. 5B). Based on these comparative analyses, we propose that group A
and B miRNAs are linked to hypoxia-induced REST down-regulation occurring during
clinical progression of PCa to the aggressive form.

Discussion
Herein, we report comparative studies between primary cultures of NC cells and human PCa
cell lines, elucidating mechanism(s) of neuronal differentiation in embryogenesis, and NED
of advanced PCa, respectively. We demonstrate that hypoxia is a key factor in this neuronal/
neuroendocrine reprogramming of pluripotent NC cells and PCa cells in vitro, acting by
inducing miR-106b~25; in turn, this microRNA cluster down-regulates the neuron-specific
transcriptional repressor REST. Significantly, in high Gleason score (≥ 8) PCa, we observe
down-regulation of REST and induction of at least one member of the miR-106b~25 cluster.
We also identified groups of miRNAs that are up-regulated by hypoxia and REST
knockdown in LNCaP and NC cells, respectively. Significantly, a subset of these miRNAs
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are also up-regulated in high Gleason score (≥ 8) PCa. We propose that miRNAs mediating
aspects of neuronal differentiation of NC cells are also involved in NED of PCa cells,
leading to progression of the disease to the clinically aggressive form. Therefore, this study
sheds light on potential novel clinical markers and therapy targets for diagnosis and
treatment of advanced PCa.

Hypoxia-induced expression of miR-106b~25
Incomplete angiogenesis during embryogenesis as well as in solid tumors gives rise to
hypoxia. During embryonic development, hypoxia promotes neuronal differentiation of NC
cells and CNS stem cells (11, 41). In PCa, hypoxia promotes cancer cell survival and
proliferation, causing tumor progression, therapy resistance and poor prognosis (21), often
accompanied by NED (35). Hypoxia induces expression of a large number of miRNAs
through HIFs, including miR-93 (23), a member of the miR-106b~2 cluster, encoded in
intron-13 of MCM7 gene (26). The miR-106b~25 is proto-oncogenic and over-expressed in
PCa (26), and also mediates neuronal differentiation of adult neural stem/progenitor cells
(28). In NC cultures and LNCaP cells hypoxia induces expression of all members of the
miR-106b~25 cluster (Figs. 1-2). Interestingly, four putative hypoxia-response-elements
(HRE) exist within 2 kb upstream of the transcription start site of the MCM7 gene, although
the functionality of these putative HREs remains to be determined. Thus, our finding that
hypoxia induces miR-106b~25 provides a plausible mechanism for the observed over-
expression of miR-106b~25 in PCa and other solid tumors, and a foundation for the role of
this miRNA cluster in regulating NED and neuronal differentiation. This is the first report of
hypoxia-mediated induction of the proto-oncogenic miR-106b~25 cluster.

Down-regulation of REST by hypoxia and miR-93
Expression of REST in neural progenitors maintains non-neuronal cell identity, whereas
repression of REST allows acquisition of neuronal identity (31). We have shown earlier that
expression levels of REST control the switch between neuronal and non-neuronal cell fates,
and down-regulation of REST is essential for neuronal differentiation (34). Also, REST is a
tumor suppressor involved in various types of cancers (32). Indeed, loss of REST activity
during NED of LNCaP cells has been reported at an earlier study, but the mechanism was
not explored (42).

Herein, we deciphered a mechanism leading to down-regulation of REST during neuronal
differentiation in NC cells. Significantly, we demonstrate that the same mechanism mediates
NED of PCa cells. Specifically, in response to hypoxia REST mRNA and protein were
reduced in both NC cells and human PCa cell lines. Decreased REST expression was
similarly observed by over-expression of miR-93 and miR-106b~25 (Figs. 1-2). Since
hypoxia induces expression of all members of the miR-106b~25 cluster (Figs. 1-2), and in
agreement with computational predictions that these miRNAs target the 3’UTR of REST
mRNA (29), it is reasonable to propose that they mediate the observed down-regulation of
REST by hypoxia. Indeed, miR-93 over-expression as well as REST knockdown caused
neuronal differentiation of pluripotent NC cells, resulting in up-regulation of pro-neural
transcription factors ASH-1 and Phox2a (Fig. 1), and elevated expression of
sympathoadrenal lineage marker TH (Fig. 1). Likewise, in both LNCaP and PC3 cells
hypoxia, miR-93 over-expression, and REST knockdown significantly elevated expression
of pro-neural transcription factors ASH-1 and Phox2a, and NE markers TH and ChgA (Fig.
3). In support of our results, immunohistochemical staining by others showed stabilization
of HIF1α in NE-like cells in human prostate tumor (43). Accordingly, we propose that
hypoxia induces miR-106b~25 thereby down-regulating REST; in turn, REST down-
regulation allows expression of neuron-specific genes in PCa epithelia as in undifferentiated
neuroblasts.
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Deregulated expression of REST and select microRNAs in human prostate tumors
Our analyses of human prostate tumors demonstrated that the level of REST was reduced in
five from nine tumors analyzed, while expression of at least one of the miRNAs of the
miR106b~25 cluster, was elevated (Fig. 4). Despite the small sample size in these studies
(Fig. 4), our analyses identify an inverse expression pattern between REST and
miR-106b~25. Further studies are needed, employing a larger sample of human prostate
tumors to statistically establish a link between REST downregulation and miR-106b~25
induction. Importantly, additional support for this suggested inverse relationship between
REST and miR-106b~25 is derived from microRNA expression analyses of human tumors
with increasing Gleason score (Table I and Fig. 5).

Specifically, studies by others have identified a number of miRNAs repressed by REST,
playing a role in neuronal differentiation (29). We reasoned that as during neuronal
differentiation of neural progenitors in embryogenesis, NED in PCa will also result in
induction of miRNAs. Employing miFinder RT2 PCR arrays, we identified miRNAs
induced by REST knockdown in NC cells, by hypoxia in LNCaP cells, and miRNAs
overexpressed in human prostate tumors with high Gleason score (Table I). Group-A
miRNAs elevated in high Gleason score prostate tumors overlap with miRNAs induced by
hypoxia in LNCaP cells (Supplementary Table S3), suggesting that hypoxia is an important
parameter in PCa disease progression. Specifically, the hypoxia inducible miR-25 (Figs.
1-2) exhibits robust induction in prostate tumors with Gleason score ≥ 8 (Fig. 5A). Similar
to miR-93, miR-25 has putative target sites in the 3’UTR of REST (29). Since over-
expression of miR-93 in NC and PCa cell lines down-regulates REST, the elevated
expression of miR-25 in high Gleason prostate tumors suggests that it mediates the observed
reduction in REST. In turn, we would expect down-regulation of REST in prostate tumors
will result in elevated expression of miRNAs characteristic of neuron-specific expression.
Indeed, group-B miRNAs overlap with miRNAs induced during normal neuronal
differentiation of NC cells (Supplementary Table S4). In NC cells, miRNAs elevated
following REST knockdown include miR-124 and miR-9 both well-documented regulators
of neurogenesis (44, 45). In high Gleason prostate tumors only miR-9 is over-expressed
(Table I). Significantly, miR-9 is a metastasis-promoting miRNA acting by down-regulating
E-cadherin (39) and LIFR in E-cadherin-negative breast cancers (46), likely contributing to
EMT and metastasis of advanced PCa. On the other hand, recent studies show that
expression of the neuron-specific miR-124 is suppressed by DNA methylation in advanced
PCa (47). Accordingly, we propose development of the authentic NED phenotype, as during
normal neurogenesis, is not the critical event in PCa disease progression; rather it is the
expression of select miRNAs occurring simultaneously with aberrant neuronal
reprogramming that drive the cancer towards malignancy. This hypothesis is supported by
the lack of neurite formation in PC3 cells exposed to hypoxia, despite induction of proneural
ASH-1 (Fig. 3D).

In support of this proposal additional miRNAs that exhibit robust expression in high
Gleason tumors and up-regulated as a consequence of REST-knockdown include miR-30d
and miR-302b. Recent studies have identified miR-30d as an oncomir in cancer, regulating
expression of various cancer-linked genes including caspase3 (48, 49). MiR-302b is also a
very interesting, playing a role in regulation of pluripotency and neural cell differentiation
during embryogenesis (36). Its expression is positively regulated by pluripotency factor
Oct4; in turn, miR-302b down-regulates pro-neural transcription factor NR2F2 which
suppresses Oct4 expression (36). The significance of this dynamic interplay for the
progression of PCa to the advanced stage is not understood. Further studies are needed to
understand the role of these miRNAs in PCa disease progression.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Hypoxia induces miR-106b~25.

2. Hypoxia promotes neuronal differentiation of neural crest cells via induction of
miR-106b~25 and down-regulation of REST.

3. Hypoxia promotes neuroendocrine differentiation of PCa cell lines (LNCaP and
PC3 cells) via induction of miR-106b~25 and down-regulation of REST.

4. In high Gleason score prostate tumors an inverse trend was observed between
REST and induction of miR-106b~25.

5. High Gleason score prostate tumors exhibit significant induction of miR-25,
miR-9, miR-30d and miR-302b associated with REST-knockdown.
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Figure 1. Hypoxia promotes neuronal differentiation of NC cells by induction of miR106b~25
and down-regulation of REST
A. Immunofluorescence microscopy of neuronal marker tyrosine hydroxylase (TH) in NC
cells grown in normoxia or hypoxia, with over-expression of miR-93, or REST knockdown
by siRNA transfection. Phase contrast images of NC cultures show pigmented melanocytes.
B. Real-time PCR quantification of miR-106b, miR-93 and miR-25 levels, REST and
ASH-1 under the indicated conditions. Fold RNA expression under indicated conditions is
relative to control, i.e., normoxia, scrambled miR or siRNA. Data shown are the average
from three independent RNA preparations, each RNA preparation analyzed by real-time
PCR using identical triplicates. Quantification is relative to GAPDH. Error bars represent +/
− standard error of the mean. C. Immunoblots of REST, Phox2a and TH using whole cell
extracts (WCE) isolated from NC cells grown in normoxia or hypoxia, with over-expression
of miR-93, and REST knockdown by siRNA transfection, as indicated. Actin serves as
internal control. A representative assay is shown from at least 3 independent experiments.
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Figure 2. Hypoxia induces miR-106b~25 and decreases REST expression
A. Real-time PCR quantification of miR-106b, miR-93, miR-25, REST, and NSE levels
using total RNA isolated from LNCaP cultures grown in normoxia or hypoxia for 1 day
(1d). Fold RNA expression is the ratio of expression in hypoxia vs. normoxia. Data shown
are the average from three independent RNA preparations, each RNA preparation analyzed
by real-time PCR using identical triplicates. Quantification is relative to GAPDH. Error bars
represent +/− standard error of the mean. B. Immunoblots of HIF1α and REST using nuclear
extracts isolated from LNCaP cultures grown in hypoxia for 0h, 3h, 1 day and 2 days. CREB
serves as internal control. A representative assay is shown from at least 3 independent
experiments. C. and D. Real-time PCR quantification of miR-106b, miR-93, miR-25, REST
and ASH-1 in LNCaP (C.) and PC3 cells (D.). Conditions include 2-day treatment with
hypoxia, miR-93 overexpression and REST knockdown by siRNA transfection. Fold RNA
expression under indicated conditions is relative to control, i.e., normoxia, or scrambled
miR/siRNA. Data shown are the average from three independent RNA preparations, each
RNA preparation analyzed by real-time PCR using identical triplicates. Quantification is
relative to GAPDH. Error bars represent +/− standard error of the mean. E. Immunoblots of
REST and MCM7 from lysates of LNCaP and PC3 cells grown in normoxia or hypoxia for
3 days (3d). Actin serves as internal control. A representative assay is shown from at least 2
independent experiments.
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Figure 3. Hypoxia via miR-106b~25 reduces REST expression promoting expression of
neuroendocrine markers in human PCa cells
A. Phase contrast of LNCaP and PC3 cells treated for 1 day with the indicated concentration
of forskolin or hypoxia. Arrows point to neurites. B. Immunofluorescence microscopy of
peripherin using LNCap cells grown in normoxia or hypoxia for 1 day. DAPI staining
indicates cell nucleus. C. Phase contrast images of LNCaP cells transfected with miR-93,
REST siRNA or corresponding scrambled controls, as indicated. Arrows point to neurites.
D. Immunoblots of REST, Phox2a, ChgA, and ASH-1, from lysates of LNCaP and PC3
cells grown in normoxia or hypoxia, with over-expression of miR106b~25, or REST
knockdown by siRNA transfection, as indicated. Actin serves as internal control. A
representative assay is shown from at least 3 independent experiments.
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Figure 4. Deregulated expression of REST and miR-106b~25 in human prostate tumors
A. Real-time PCR quantification of indicated genes employing RNA isolated from human
prostate tumors with Gleason score 8-10 and the corresponding peri-tumoral tissue. Data
shown are the average from three independent RNA preparations, each RNA preparation
analyzed by real-time PCR using identical triplicates. Quantification is relative to GAPDH.
Error bars represent +/− standard error of the mean. B. Dot plot analyses of the data from
part A.
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Figure 5.
A. Scatter plot analysis showing expression level of indicated microRNAs (induced by
REST knockdown) in prostate tumors with increasing Gleason score (data from Table I). B.
Box plot representation of microRNA expression in prostate tumors with increasing Gleason
score (data from Table I).
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Table I

Induction of microRNAs in human prostate tumors

miRNA
Gleason score

Hypoxia-induced
b
 LNCap cells REST-knockdown

c
 NC cells

3
a

5
a

7
a

8-10
a

miR-21 1.22 ± 0.45 1.50 ± 0.15 2.50 ± 0.22 5.05 ± 0.72

miR-24 0.90 ± 0.36 1.36 ± 0.56 2.06 ± 0.42 13.4 ± 1.18

miR-25 0.53 ± 0.22 1.03 ± 0.46 1.96 ± 0.20 11.6 ± 1.02

miR-30e 1.37 ± 0.15 1.22 ± 0.08 2.83 ± 0.09 19.0 ± .090

miR-125b 1.22 ± 0.08 1.77 ± 0.43 2.01 ± 0.15 6.70 ± 0.85

miR-142-3p 1.26 ± 0.14 1.92 ± 0.26 3.78 ± 0.48 7.63 ± 0.39

miR-151-5p 0.11 ± 0.02 0.78 ± 0.30 4.38 ± 0.54 10.3 ± 1.35

miR-210 0.01 ± 0.00 1.88 ± 0.30 2.25 ± 0.18 4.60 ± 0.48

miR-223 2.28 ± 0.88 1.42 ± 0.06 1.35 ± 0.13 10.8 ± 0.44

miR-374a 0.24 ± 0.10 0.80 ± 0.40 1.16 ± 0.22 20.8 ± 1.48
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miRNA
Gleason score

Hypoxia-induced
b
 LNCap cells REST-knockdown

c
 NC cells

3
a

5
a

7
a

8-10
a

miR-9 0.65 ± 0.13 1.21 ± 0.35 1.74 ± 0.14 3.89 ± 0.55

let-7e 0.09 ± 0.03 1.02 ± 0.12 3.46 ± 0.36 14.3 ± 0.68

miR-302b 0.01 ± 0.01 1.35 ± 0.77 3.14 ± 0.86 7.63 ± 1.25

miR-19b 0.37 ± 0.11 1.41 ± 0.14 1.74 ± 0.34 4.76 ± 0.84

miR-29c 0.27 ± 0.03 1.31 ± 0.07 1.44 ± 0.09 3.37 ± 0.07

miR-30d 1.51 ± 0.31 2.06 ± 0.71 2.65 ± 0.71 22.7 ± 1.87

let-7g 0.07 ± 0.02 0.91 ± 0.06 3.58 ± 0.88 3.41 ± 0.93
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miRNA
Gleason score

Hypoxia-induced
b
 LNCap cells REST-knockdown

c
 NC cells

3
a

5
a

7
a

8-10
a

miR-30c 0.37 ± 0.19 0.86 ± 0.37 2.25 ± 0.41 3.74 ± 1.14

miR-7 0.27 ± 0.14 1.27 ± 0.10 3.36 ± 0.54 3.51 ± 1.12

miR-27a 1.59 ± 0.42 2.13 ± 0.46 2.28 ± 0.06 15.9 ± 1.00

miR-106b 0.80 ± 0.14 1.73 ± 0.54 1.93 ± 0.44 2.49 ± 0.54

miR-150 1.03 ± 0.17 1.12 ± 0.04 1.65 ± 0.15 7.27 ± 0.40

miR-155 1.42 ± 0.24 1.47 ± 0.13 1.45 ± 0.13 5.58 ± 0.16

miR-93 0.02 ± 0.02 1.87 ± 1.04 1.84 ± 0.48 2.50 ± 0.22

miR-191 0.38 ± 0.21 1.43 ± 0.31 0.91 ± 0.31 6.28 ± 1.48

miR-424 0.10 ± 0.04 1.04 ± 0.36 1.67 ± 0.11 8.28 ± 0.12

miR-425 1.46 ± 0.54 1.22 ± 0.62 3.48 ± 0.24 4.06 ± 0.94

a
The human miFinder RT2 PCR array (Qiagen), composed of the most abundant and best characterized miRNAs, was employed for miRNA

expression in RNA samples isolated from human prostate tumors with Gleason scores ranging from 3 to 10. Specifically, RNA from at least five
tumors per group, Gleason scores 5 through 10, were pooled for the miRNA PCR array analysis. Pooled RNA from the corresponding benign
prostate tissues served as noncancerous control. Results represent the average of three independent RNA preparations +/- standard error of the
mean.
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b
miRNA expression employing the human miFinder RT2 PCR array (Qiagen), in RNA isolated from LNCaP cells grown in normoxia vs. hypoxia

for three days (Supplementary Table S3).

c
miRNA expression employing the human miFinder RT2 PCR array (Qiagen), in RNA samples isolated from NC cultures following REST-

knockdown by REST siRNA transfection vs. transfection with scrambled siRNA (Supplementary Table S4).
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